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turn has stimulated development of app iae models.
These models, which are usually based on stochastic process theory, enable proposed kinetic mechanisms to be studied by simulation; they also provide the basis for inferential analysis of experimental data. Most ion channel modeling has been concered with the behavior of a single channel acting in isolatio. However, mem e patches from which recordings are made often contain more than one active channel; indeed, some channels appear to consist of a number of identical co-channels in the one macromolecular complex (Fox, 198 . In this setting, interretation of the patch clamp record reqiires an understading ofhow individual channel (or co-channel) processes combine to give the observed superposition process. This intWgration is simplified if channls are considered to act independently (Kijima and Kijima, 1987b; Yeo et al, 1989;  Colquhon and Hawkes, 1990; Fredkin and Rice, 1991) , an assumption that was supported by early studies on certain channels (Hil and Chen, 1971a, b; Neher et al., 1978; Sigworth, 1980 , Miller, 1982 (Yeramian et al., 1986; Hunter and Giebisch, 1987; Matsda, 1988; Hymel et al., 1988; Schreibmayer et al., 1989) , as are the pting kinetics of potassium channel sbunits inXenopus oocytes (Tytgat and Hess, 1992) , the behavior of cardiac gap junctions in chick embryos (Chen and DeHaan, 1992) (Kiss and Nagy, 1985; Iwasa et aL, 1986; Krouse et aL, 1986; Queyroy and Verdetti, 1992 (Kijima and Kijima, 1987a) . We now allow a second, identical channel to exist in the neighborhood of the first, and consider the properties of the superposition signal (that is, a patch clamp recording) arising from concurrent activity in the two channels (see Fig. 1 ). If the two channels are independent, the distributions of the various types of observable sojourn times (Zioo and so on) in terms of the distributional properties of the single-channel sojourn times are given by Eqs. 24 and 25 of Yeo et al., (1989) . The main focus of the remainder of this paper is the case in which the two channels are not independent in the following sense: the closedtime density (and similarly, the open-time density) of each channel is allowed to be dependent on whether the other channel is open or closed. Specified transition rates, and hence density parameters, are assumed to change instantaneously whenever the other channel opens or Z2 Z2 and, using methods similar to those giving Eq. 7, KC(t) = 1 -(1 -B'I(3)[C'e-Ai' + C e-v'1 (8) where A', A, C;, and C' are obtained from Eq. 6 with ,3 replaced by (3' and d2 replaced by d2 = q21 + 3'. Note that KR(O) = (3'/3 and the homology with Eq. 4; also Pc = (1 -13'/.3Xqn + q2JY(q%3')'
We now consider what is experimentally observable in such a two-channel system, that is, sojourn times of the types illustrated in Fig. 1 . The distributions of these sojourn times can be obtained using properties of the transition rate matrix of the complete process and conditional independence, allowing us to generalize Eqs. 24 and 25 of Yeo et al. (1989) as (Fig. 1) were estimated from binned data Steady-state probabilities were computed as the ratio of the total duration of a particular sojourn type to the duration of the whole record. From all these estimates, using Eqs. 9 and 10 and the predicted sojourn type probabilities, the decay rates and weights of the exponentials of the four conditional density functions of Eq. 1 were estimated by nonlinear least-squares regression (Nelder and Mead, 1965) . The functions KC(t) and K<(t) were then obtained from Eq. 1 by deconvolution and integration. For the two-state single-channel model (see Fig. 2 pharmacologically. There appears to be accumulating evidence that interaction does occur in some systems. TIhis is usually inferred from some discrepancy between observed behavior and the predictions of an independence assumption. Although this is an appropriate initial step in analysis, and some of these tests are quite sophisticated (Dabrowski et al., 1990 ), they are not necessarily conclusive or quantitative (Uteshev, 1993), nor based upon possible mechanisms of cooperativity, and therefore cannot serve in model testing. The approach in this paper has been to propose a simple mechanism for interaction and to examine consequential properties of the observable process.
F4(t) = Fy c(t)Hy c(t) FZ2(t) = Fx 0(t)Hx o(t) (
The mechanism studied here postulates that the isomerization involved in changing between conducting and nonconducting states in one channel can result in an essentially instantaneous change in particular rate constants in a neighboring channel. If the two channels exist within a single macromolecular complex (that is, they are co-channels), this could occur through allosteric coupling. In the case of separate but contiguous channels the effect could be mediated by electrical field alterations associated with conformational change. The assumption of instantaneity is not unreasonable, given the known time scale of gating isomerization in these molecules. It should be noted that the model need not be restricted to conditioning on one channel being open or closed; in theory, occupation of any state could alter behavior in the other channel, although relating model results to experimental data may be more difficult.
In the Markov framework used to model the singlechannel process, it is natural to express interaction in terms of an alteration in specified transition rates, which themselves relate to identifiable chemical kinetic processes such as agonist binding or channel gating. If, as in examples presented here, these are transition rates within or out of the closed class, their alteration will affect the distribution of closed times. Thus, the distributions of closed times conditional on an event of interest (here, the neighboring channel being open or closed) can be compared, with their difference being some indication and measure of the interaction. It is convenient to make this comparison using a convolution relation which provides a function KC(t) that quantifies this difference; in the two-and three-state models examined where only the opening rate constant may change, KC(t) is less than, equal to, or greater than unity in the case of negative, zero (independence), and positive cooperativity, respectively. (Mhe function K<(t) is similarly derived and has analogous behavior.) Using simulated data, KC(t) and K,,(t) have been estimated from superposition records by optimized fitting. For the models examined, these estimates have been almost exactly those predicted analytically in the case of large sample size (more than 50,000 sojoums/type), with only small deviations when using samples consisting of a miniimum of 100 sojourns/type.
Although we have only considered some simple twochannel models of interaction, various extensions would not seem insurmountable in principle. Allosteric coupling across several co-channels within the same macromolecular complex is quite feasible. In the case of multiple spatially separated (but electrostatically interacting) channels, the possibility of time dependence or of distance-dependent delay or attenuation of cooperative responses needs to be considered. A further extension concerns L-type calcium channels, where it appears to be the localized accumulation of calcium ions following activation (rather than the conductance change per se) that mediates interchannel dependence (DeFelice, 1993) .
We are currently developing a general theory for aggregated, interacting Markov chains applicable to more complex models having larger state space and channel number than in the examples presented here.
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